Introduction
If the origin of electroweak symmetry breaking lies in the existence of a Higgs sector, understanding the full nature of this sector will be one of the primary goals of future experimental programs. Although the Higgs sector could be quite simple, it is also possible that it will yield some real surprises. The purpose of this brief review is to assess the attractiveness of some exotic possibilities and the role of a`?`? collider in exploring them. It will be convenient to divide the possible Higgs representations into: (a) singlets; (b) doublets; (c) triplets; (d) higher representations. The most important current aesthetic and experimental constraints on the Higgs representations, include: (i) naturality of = 1; (ii) gauge coupling uni cation; and (iii) the branching ratio for b ! s . After reviewing these items as they a ect various representations, I will turn to future experimental probes in high energy collisions, focusing on the importance of`?`? collisions.
It is useful to list a selection of possible representations. For the moment, I restrict the discussion to the Standard Model (SM) SU(3) SU(2) L U(1) gauge group, with Q = I 3 + Y=2. a In the case of exotic representations, I will emphasize those which would lead to a doubly-charged Higgs boson eigenstate. A doublycharged Higgs boson would constitute an incontrovertible signature for an exotic representation with non-standard U(1) hypercharge and/or SU(2) L weak isospin I 1 and would very likely be of particular interest for`?`? collisions. For simplicity, the Higgs sector will be assumed to be CP-conserving, with CP-even neutral states denoted by h or H and CP-odd states by a or A. The notation will be S Y for an I = 0 singlet, D Y for an I = 1=2 doublet, and T Y for an I = 1 triplet representation, respectively, where Y denotes the absolute value of the hypercharge. All representations will be complex unless otherwise stated. If a neutral member of a SU(2) L triplet representation acquires a non-zero vev, = 1 is never automatic. Even in the 1D 1 +1T 2 +1T 0 (real) model with equal neutral vev's for the triplets, which has = 1 at tree-level, 1-loop corrections to are in nite. 4;6 This means that is a renormalizable quantity, the value of which must be inserted into the theory as an additional experimental input (just like , G F , : : : in the SM). 6 The precision electroweak data has been analyzed in this context 9 and it is found that there is no problem tting all data, but this is hardly surprising given the loss of a (generally very constraining) prediction for . In order to maintain predictability for , it is tempting to favor models in which v L = 0 for any L-triplet neutral member. (Note that v R 6 = 0 in L-R symmetric models is possible without a ecting , and is necessary for m WR m WL . Of course, m WR is then a free renormalizable parameter.)
Among the exotic representations listed earlier, those which do not contain a neutral member are interesting in that = 1 remains natural if such a representation is included in the Higgs sector.
Gauge coupling uni cation:
The requirement that the gauge couplings unify with a desert between the TeV energy scale and the GUT uni cation scale M U is widely regarded as being highly desirable. The resulting constraints on the Higgs representations that can be present are easily determined. At 1-loop, gauge coupling evolution depends only on the couplings themselves and the Higgs and other particle representations present at any given energy scale. Let us denote the number of jY j = 1 doublets by N D1 , the number of jY j = 2 triplets by N T2 , and so forth; N 34 denotes the number of (I = 3; jY j = 4) representations. I will not consider jY j 6 singlets, jY j 5 doublets, or jY j 4 triplets. The 1-loop evolution coe cients are then as follows (using N g to denote the number of complete generations). (6) in the non-SUSY and MSSM cases, respectively. The exact coe cients in the equations above are sensitive to the precise s and sin 2 W choices as well as to whether all the Higgs bosons have mass near m Z , as assumed, or nearer to 1 TeV. Two-loop corrections also lead to small changes in the uni cation conditions. Thus, the following discussion of`solutions' should be regarded as being a somewhat rough, but indicative, guide to the possibilities. In assessing the constraints of Eqs. (5) and (6), it should be kept in mind that N D1 1 ( 2) is required in the SM (MSSM) for Dirac fermion masses, and that in the SUSY context, all jY j 6 = 0 (complex) multiplets must come in Y = jY j pairs (to cancel anomalies). Although there are many solutions to the equations, essentially all but the two-doublet MSSM solution are excluded if one requires a large value for M U , b as would be needed to ensure proton stability if the SU(3), SU(2) and U(1) groups merge to form a single group such as SU (5) at one-loop:
In models with = 1 at tree level and for which is nitely calculable, parameters must still be chosen so that Higgs-loop corrections to are small. Too large a mass separation between neutral and charged Higgs bosons with W; Z couplings will lead to a large at 1-loop. Any Higgs sector containing more than one jY j = 1 doublet will have one or more singly-charged Higgs bosons with fermionic couplings. Any such H + will enter into a 1-loop H + t contribution to the b ! s transition that must be added at the amplitude level to the SM W + t loop. In the case of a type-II two-doublet model, the H + t loop adds constructively to the W + t SM loop. Since the SM W + t loop alone leads to a b ! s branching ratio that exceeds the measured value, the 95% con dence level limits on m H +;? are large, 12 roughly m H +;? > 300 GeV for tan > 1, unless there are additional 1-loop graphs that can cancel the extra H + t loop contribution. The best-known example of such a cancellation arises in supersymmetric models. There, a stop-chargino graph can cancel an excessive topcharged-Higgs graph if m e t and m e 1 are small enough. Of course, charged Higgs that do not couple to quarks (of which there are many in the models listed earlier) are no problem.
Couplings and Decays
The phenomenology of exotic Higgs representations is a very complex topic and very model-dependent. In order to avoid too lengthy a discussion, I will focus on models containing triplet representations in addition to one or more doublet Higgs representations. A convenient summary of Higgs triplet phenomenology appears in Ref. 8 ; more details can be found, for example, in Refs. 13,5,14-20. I begin with a few preliminary reminders of well-known facts.
There is never a W +;? H ?;+ vertex. There is generally a non-zero tree-level 
where c ee < 10 ?5 is the strongest of the individual limits and c ee c < 10 ?13 is required by the muonium-antimuonium limit, implying that not both c ee and c can be as large 10 ?5 . The only constraint on the h ij through couplings for the H 0 and H ? that is potentially stronger than those above goes away for hH 0 i = 0, as required in order to have = 1 naturally.
In left-right symmetric models, we must separate L from R and use Q = cases above, would be analogous to Eq. (8) with L fermions coupling to L and R fermions to R . In a large class of supersymmetric L-R symmetric models with automatic R-parity conservation, the doubly-charged L triplet Higgs bosons (and associated higgsinos) are naturally very light. 21 In the supersymmetric model context, the supersymmetric analogues of the couplings listed above will all be present. In particular, any Higgs boson which couples to two fermions or two vector bosons, will couple to their sfermion or gaugino partners. Any Higgs boson which couples to another Higgs boson and a vector boson will couple also to the higgsino and gaugino partners. Any Higgs boson which couples to two other Higgs bosons will couple to the corresponding higgsino partners. An H ?? that couples to`?`? will couple to the corresponding è? è? channel. 
where is the usual phase space suppression factor, and Eq. (11) For zero triplet vev's, the lightest H T will be stable unless it has bi-lepton couplings, in the absence of which it must be neutral and would be a candidate for cold dark matter.
Direct Production Probes
Speci c production processes of interest that are especially sensitive to triplet Higgs representations can be separated into those that do not require bi-lepton couplings and those that do. Of course, the appropriate nal state detection modes will depend upon the relative weight of bi-lepton vs. other couplings. In what follows, I once again focus on triplet representations. The emphasis will be on`?`? and`?`+ processes that can take place at either an electron collider or a muon collider.
Production processes independent of bi-lepton couplings.
I give below an incomplete sampling of interesting processes that would probe for the presence of an exotic Higgs representation.
Exclusive H ?? H ++ , H ? H + , and H 0 H 0 conjugate pair production in`+`? or pp collisions. The cross section for pair production of a boson with weak isospin I 3 and charge Q and its conjugate via annihilation of a fermion with i 3 and q and its anti-fermion partner is given by: pair = 2 ?`? decays are dominant, for`= e or only a few spectacular events with two like-sign lepton pairs of equal mass are needed for an unambiguous signal. If c is the largest bi-lepton coupling, the 4 nal state can be isolated using relatively simple cuts. The detection limits for H ?? H ++ pair production in the case of a T 2 representation have been explored. 22 The Tevatron and LHC production cross sections are given in Fig. 1 the LHC are estimated by requiring the same raw number of events before cuts and e ciencies as needed at the Tevatron | 10 for`= e; and 300 for = | yielding m H ?? discovery up to roughly 925 GeV (1:1 TeV) for`= e; and 475 GeV (600 GeV) for`= , assuming total integrated luminosity of L = 100 fb ?1 (L = 300 fb ?1 ). For`= e; , the reach of the LHC detectors will likely be even greater than this, due to the improved lepton acceptance and resolution anticipated over the current generation of hadron collider detectors. For`= , this simple extrapolation may not account for a di erent signal-to-background ratio in selection at the LHC. A more complete study is necessary to evaluate this. Although observation of H ?? H ++ pair production is certainly the clearest signal for an exotic Higgs representation, additional information and con rmation can be obtained from the H + H ? and H 0 H 0 production rates, which will reveal nondoublet correlations between Q and A = I 3 ?x W Q. Of course, in these latter cases, decays could be more complicated and would need to be understood in order to extract the underlying pair cross section.
In any case, the conclusion is that if there are exotic Higgs triplet bosons, they will be observed in pair production at the LHC, if not at the Tevatron, up to the highest mass ( 500 GeV) for which they could be directly produced in the s-channel at a rst`?`? collider with p s < 0:5 TeV. Let us give a speci c example in this case. In the SM, there are two h SMexchange graphs: one is a t-channel and the other a u-channel graph. They can be thought of as combining together and having e ective strength g 2 m 2 W , as required to cancel the bad high energy behavior coming from graphs involving standard electroweak boson exchanges. Now consider the 1D 1 +1T 2 +1T 0 (real) Higgs sector detailed in the Introduction. In this model, there are three u-channel and three t-channel graphs for the H 0 1 , H 00 1 and H 0 5 neutral Higgs bosons and an s-channel graph for the H ??
5 . An s-channel graph is equivalent to the sum of a t-and a u-channel graph except for an overall sign. Thus, the e ective contributions of the di erent Higgs exchanges are: 
